Streptococcus bovis HJ50 produces a lacticin 481-like 33-amino-acid-residue lantibiotic, designated bovicin HJ50. bovK-bovR in the bovicin HJ50 biosynthetic gene cluster is predicted to be a two-component signal transduction system involved in sensing signals and regulating gene expression. Disruption of bovK or bovR resulted in the abrogation of bovicin HJ50 production, suggesting both genes play important roles in bovicin HJ50 biosynthesis. Addition of exogenous bovicin HJ50 peptide to cultures of a bovM mutant that lost the capability for bovicin HJ50 production and structural gene bovA transcription in S. bovis HJ50 induced dose-dependent transcription of the bovA gene, demonstrating that bovicin HJ50 production was normally autoregulated. The transcription of bovA was no longer induced by bovicin HJ50 in bovK and bovR disruption mutants, suggesting that BovK-BovR plays an essential role in the signal transduction regulating bovicin HJ50 biosynthesis. A phosphorylation assay indicated that BovK has the ability to autophosphorylate and subsequently transfer the phosphoryl group to the downstream BovR protein to carry on signal transduction. Electromobility shift assays (EMSA) and green fluorescent protein (GFP) reporter gene expression assays showed the specific binding of BovR to the bovA promoter, indicating that BovR regulates bovA expression by direct binding between them. Taken together, bovicin HJ50 biosynthesis is induced by bovicin HJ50 itself and regulated via the two-component signal transduction system BovK-BovR.
Lantibiotics are ribosomally synthesized, posttranslationally modified antimicrobial peptides containing unusual amino acids, such as dehydrated and lanthionine residues (27) . Based on the overall structural features, several groups of lantibiotics have been distinguished. The lacticin 481 group, characterized by a linear N terminus and a globular C terminus, is the largest group and differs in many respects, such as transcriptional regulation of the lantibiotic genes, the biosynthetic machinery, and the broad application possibilities, from the best-known nisin group (3, 8) .
The biosynthetic apparatus of a lantibiotic is organized in a biosynthetic gene cluster that generally includes at least one regulatory gene, except those of lacticin 481 and butyrivibriocin OR79A (no regulatory gene) (8, 35) . The regulatory proteins encoded by these genes are thought to be involved in regulating transcription of lantibiotic biosynthetic operons in a specific manner (29) . Many lantibiotic biosyntheses are regulated by orphan regulators, such as epidermin by EpiQ (30) , mutacin II by MutR (4), and lacticin 3147 by LtnR (26) . However, lantibiotic regulation is most commonly mediated by a twocomponent signal transduction (TCST) system: a membranebound histidine kinase, LanK, and a response regulator, LanR. This TCST system is usually involved in the signal transfer from initial stimulus to cellular responses. LanK binds to a specific signal molecule, which triggers its autophosphorylation. Then, LanR receives the phosphoryl group transferred from LanK to activate or repress transcription of its target genes (27) . Seven lantibiotics, including nisin, subtilin, salivaricin, SA-FF22, ruminococcin A, macedocin, and mersacidine biosynthetic gene clusters, were reported to harbor the LanKLanR two-component regulatory systems. These lantibiotics, except ruminococcin A and macedocin, function as the inducers of their own synthesis through the LanKR TCSTs (10, 18, 28, 33, 37, 40, 42) . Other regulatory factors, like the sigma factor H , also affect lantibiotic biosynthesis (37) . So far, at least 17 lantibiotics have been classified in the lacticin 481 group (3) . Despite the high homology of their three-dimensional structures, their regulation systems are quite diverse. The production of lacticin 481 is induced by a drop in pH via RcfB, encoded by a gene at loci of the chromosome other than its own biosynthesis gene cluster (24) . Nukacin ISK-1 and mutacin II biosynthesis are regulated by single regulatory proteins (lacking a corresponding histidine kinase of the TCSTs) (2, 31) . The presence of trypsin and a high cell density trigger the production of ruminococcin (11) . Salivarvicin A biosynthesis is thought to be regulated by the SalK-SalR two-component system, activated by itself, as well as the closely related lantibiotics salivaricin A1, A2, A4, and A5 (42) .
Bovicin HJ50 is a lantibiotic consisting of 33 amino acids produced by Streptococcus bovis HJ50. Our previous studies showed that bovicin HJ50 is a type AII (lacticin 481 group) lantibiotic containing a specific disulfide bridge (43) . The gene products of bovK and bovR in the bovicin HJ50 biosynthesis gene locus show significant sequence similarity to SalK and SalR, respectively, which are thought to compose a two-component system to regulate salivaricin A production (40) . Therefore, BovK-BovR was predicted to be a two-component system to regulate the production of bovicin HJ50 (22) . However, little is known about the transcriptional regulation of bovicin HJ50 biosynthesis, and the inducing signal and whether it is sensed by the BovK-BovR two-component system remain unknown. Here, we demonstrate that BovK-BovR are responsible for the regulation of bovicin HJ50 biosynthesis as a typical two-component regulatory system through which bovicin HJ50 acts as the extracellular inducer to autoregulate the transcription of its own structural gene.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains and plasmids used in this study are listed in Table 1 . S. bovis HJ50 and Lactococcus lactis NZ9000 were routinely cultured in M17 medium supplemented with 0.5% glucose (GM17 medium) at 37°C and 30°C, respectively. Escherichia coli DH5␣ and JM109(DE3), used as hosts for cloning procedures, were maintained in LuriaBertani (LB) broth at 37°C. Micrococcus flavus NCIB8166 was maintained in SI medium at 30°C. Where appropriate, antibiotics were added as follows: ampicillin, 100 g/ml (E. coli); chloramphenicol, 10 g/ml (E. coli) and 5 g/ml (S. bovis); and erythromycin, 100 g/ml (E. coli) or 5 g/ml (S. bovis or L. lactis).
Plasmid construction. The plasmids and primers used in this study are listed in Table 1 and Table 2 , respectively. To construct the pQE-R and pET-cK expression plasmids, DNA fragments encoding BovR and cBovK (the cytoplasmic portion of BovK, containing the C-terminal 223 amino acids) were amplified by PCR with genomic DNA of S. bovis HJ50 as the template and cloned into the expression vectors pET28a and pQE60, respectively. Inactivation of the bov genes in S. bovis HJ50 was performed by employing the temperature-sensitive vector pSET5s, which carried a chloramphenicol resistance gene (38) . For disruption of bovM, an internal 130-bp bovM fragment was amplified using the primers DMF/DMR and subcloned into pSET5s to produce pSEM. To construct S. bovis DR (a bovR disruption mutant) and DS (a mutant with pSET5s integrated on the 3Ј end of bovR), the internal part and downstream sequences of the bovR gene were amplified using primers DRF/DRR and DSF/DSR, respectively. The amplified fragments were ligated into plasmid pSET5s to yield pSER and pSES. To disrupt bovK, two fragments flanking the bovK gene were amplified with primers bovKLF/bovKLR and bovKRF/bovKRR and then subcloned into pSET5s to yield pDK. An erythromycin resistance cassette (1.1 kb) digested by BamHI from the temperature-sensitive plasmid pDX (22) was isolated and cloned into pDK to create plasmid pDEK.
In order to confirm the regulatory function of BovR on bovA expression, we constructed the bovA promoter-gfp reporter fusion system pGFP, pGFPR, and pGFPKR. A 0.24-kb fragment of the nisA promoter (P nisA ) was cloned into pMG36e (41) , replacing the P 32 promoter, to yield pMG36n. To construct a Protein purification and antiserum production. His-tagged BovR and cBovK proteins were prepared according to the method of Tzeng et al. (39) with some modifications. E. coli JM109(DE3) was transformed with the pET-cK or pQE-R plasmid and grown in LB medium. After being induced with 50 M isopropyl-␤-D-thiogalactopyranoside (IPTG) at 16°C for 12 h, the cells were harvested and lysed by sonication. The supernatant was applied to an Ni 2ϩ -nitrilotriacetic acid (NTA) affinity chromatography column (Novagen) and eluted with 250 mM imidazole. The eluate was collected and dialyzed against a 200-fold volume of buffer (0.5 M NaCl and 1 mM dithiothreitol [DTT] in 20 mM Tris, pH 7.8) for 2 to 4 h at 4°C. After another three rounds of dialysis, the fraction was assayed by SDS-PAGE. The protein concentration was determined with a bicinchoninic acid (BCA) protein assay kit with bovine serum albumin (BSA) protein as the standard and then stored at Ϫ80°C. Purified cBovK or BovR protein was used as an antigen for antiserum production in mice (Institute of Genetics, Chinese Academy of Sciences [CAS]). Western blot analyses of intact BovK and BovR in S. bovis HJ50 were performed according to the method of Sambrook et al. (32) .
Production of gene disruption mutants of S. bovis HJ50. S. bovis HJ50 was transformed according to the methods of Sekizaki et al. (34) . For disruption of bovK, the plasmid pDEK was electroporated into S. bovis HJ50 and incubated at permissive temperature (28°C) in the presence of chloramphenicol and erythromycin. bovK DK mutants, which had exchanged their wild-type bovK gene for the emr gene as a consequence of a double-crossover event, were screened at the nonpermissive temperature (37°C) to promote loss of vector-mediated chloramphenicol resistance (cmr) while retaining erythromycin resistance (emr). For construction of a bovM mutant (DM), a bovR mutant (DR), and a mutant integrating pSET5s on the 3Ј end of bovR (DS), S. bovis HJ50 was transformed with plasmid pSEM, pSER, or pSES, respectively, and the mutants were obtained by single-reciprocal recombinations after growth at the nonpermissive temperature under antibiotic pressure.
Total genomic DNAs from S. bovis HJ50 and its mutants were isolated by the method of Lewington et al. (20) . Successful construction of DM was verified by PCR with primers specific for pSET5s and primers located upstream of bovM. Southern blot analysis was used to verify the single-or double-crossover events between various plasmids and the chromosome. The probes bovK, emr, pSET5s, and bovR were labeled with digoxigenin (DIG), and hybridization was carried out using DIG High Prime DNA Labeling and Detection Starter Kit II (Roche, Germany) according to the manufacturer's instructions.
Analysis of bovicin HJ50 antimicrobial activity. S. bovis HJ50 and the mutant strains were cultured at 30°C for 12 h, and the culture supernatants were used to measure the bacteriocin activity against the indicator strain M. flavus NCIB8166, as described previously (5) . A plate in which each well was filled with 20 l culture supernatant was incubated at 30°C overnight, and the inhibition zones were examined.
Northern blot and real-time RT-PCR analyses. Overnight cultures of S. bovis HJ50 and its derivatives were diluted 1:40 in fresh GM17. The cells were further incubated for 4 h while bovicin HJ50, purified as described previously (43), was added to the culture if required. When the optical density at 600 nm (OD 600 ) of the cells reached approximately 0.4, the cells were harvested by centrifugation, and the total RNA was isolated and quantitated as described previously (32) .
For Northern blot analysis, 20-g RNA samples were subjected to electrophoresis (80 V for 2 to 3 h) through 1.5% agarose and transferred to a Hybond-N ϩ nylon membrane as described previously. The bovA probe was labeled using DIG according to the protocol of the DIG High Prime DNA Labeling and Detection Starter Kit II (Roche, Germany). Signal intensities were normalized against the 16S rRNA signal intensities.
For real-time reverse transcription (RT)-PCR, each RNA sample was treated with DNase I (1 U per 10 g RNA; Promega) for 10 min at 37°C to exclude contamination by DNA. Based on the nucleotide sequences of bovA and the 16S rRNA of S. bovis HJ50, primers and fluorogenic 5Ј nuclease (TaqMan) probes for real-time PCR assays specific for bovA and the 16S rRNA control were designed. Real-time RT-PCR was performed with Ready-To-Go RT-PCR Beads (Amersham). Relative quantification of the product was calculated using the comparative cycle threshold method as described for the Roche LightCycler II system (23) . All samples were analyzed in triplicate and normalized against 16S rRNA gene expression.
Phosphorylation assays. Autophosphorylation was performed using 2 g of His-tagged cBovK incubated for 60 min at 37°C in the presence of 10 Ci of [␥- added. After 2 min, the reactions were stopped by the addition of 2.5 l of 0.5 M EDTA (pH 8.0). The products were resolved on a 12% SDS-PAGE gel, and the labeled proteins were visualized by autoradiography. EMSA. DNA fragments (210 bp) spanning the promoter regions of bovA were generated by PCR (using primers EAF/EAR) and labeled using the Biotin 3Ј End DNA Labeling Kit (Pierce). Electromobility shift assays (EMSA) were performed using the Pierce LightShift Chemiluminescent EMSA Kit. The labeled probe was inoculated with the indicated concentrations of BovR protein in the binding buffer for 20 min at room temperature, and an approximately 100-fold excess of unlabeled bovA DNA fragment was added for the competition assay. After the incubation, the reaction mixtures were separated on a 6% nondenaturing polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane was blocked with stabilized streptavidin-horseradish peroxidase conjugate, and the retarded bands were visualized by X-ray film exposure.
Expression of GFP under the control of the P bovA promoter. L. lactis NZ9000 was transformed with pGFP, pGFPR, and pGFPKR according to the method of Holo and Nes (15) , producing the NZ-GFP, NZ-GFPR, and NZ-GFPKR strains, respectively. After the cultures reached an optical density at 600 nm of 0.4, 10 ng/ml nisin (Sigma) and 100 ng/ml purified bovicin HJ50 were added to the broth. After 4 h, green fluorescent protein (GFP) fluorescence in the recombinant L. lactis strains was visualized with a Zeiss Axio Imager A1 microscope.
RESULTS
Characterization of BovK and BovR. The BovK protein contains 503 amino acids with a predicted molecular mass of 58 kDa and shares several of the typical box motifs (H, N, D, and G boxes) recognized in HPK7 subfamily histidine kinases (12) . The schematic domains produced by the SMART database (19) show that the BovK protein contains 8 transmembrane domains at the N terminus, a His kinase A (HisKA) phosphoacceptor domain, and a histidine kinase-like ATPase (HATPase_c) domain at the C terminus (Fig. 1A) , and it is predicted to be a ComP-like histidine kinase on the basis of the number of transmembrane helices and the sequential arrangement of the C-terminal domains (25) . The BovR protein consists of 198 amino acids, and its predicted molecular mass is 23 kDa. The structure of BovR predicted by the SMART database displays a CheY-homologous receiver (REC) domain and a DNA binding helix-turn-helix (HTH) domain (Fig. 1A) , which is present in the NarL-like response regulators (9) . Therefore, BovK and BovR exhibit structural similarities to histidine protein kinases and response regulators of bacterial two-component regulatory systems and were proposed to be involved in bovicin HJ50 regulation.
To determine whether the BovK and BovR proteins are present in S. bovis HJ50, the 26-kDa His fusion cytoplasmic portion of BovK (cBovK) and full-length BovR were overexpressed using the pET28a expression system in E. coli and purified (Fig. 1B) to raise specific antibodies in mice. An Nterminally truncated form of BovK lacking the transmembrane domains was chosen, as full-length BovK was insoluble due to the presence of hydrophobic amino acid stretches. Western blotting was performed on whole-cell lysates derived from wild-type S. bovis HJ50 utilizing polyclonal antiserum raised against the above-mentioned recombinant proteins. As expected, BovK and BovR were visualized as approximately 58-kDa and 23-kDa polypeptides, respectively (Fig. 2C) , indicating the presence of products of bovK and bovR with appropriate molecular masses in S. bovis HJ50.
Disruption of the bovK or bovR gene resulted in a lack of active peptide production by S. bovis HJ50. To test the hypothesis that BovK-BovR function as a two-component system to regulate bovicin HJ50 production, the bovK and bovR genes were destroyed at their chromosomal loci. The S. bovis HJ50 DK strain was obtained by inactivating the bovK gene using a double crossover to prevent a polar effect on the downstream bovR gene (Fig. 2A) . The bovR gene was disrupted by insertion of the plasmid pSET5s into the bovR coding region through a single crossover without complications of polar effects, yielding S. bovis HJ50 strain DR (Fig. 2B) . To further exclude possible polar effects, we also constructed a mutant strain, designated strain DS, integrating the plasmid pSET5s, which contains the full bov locus, on the 3Ј end of bovR as a control (Fig. 2B) .
Southern blot analysis showed that the erythromycin resistance gene (emr) instead of the bovK gene was detected in strain DK (Fig. 2C) , demonstrating that the emr resistance cassette had been integrated into the bovK gene by a doublecrossover event. In both the DR and DS mutant strains, a larger fragment of 7.2 kb was observed by using the full-length bovR gene as a probe, and the chloramphenicol resistance gene (cmr) could be observed (Fig. 2D) . These results indicate that the pSET5s plasmid was inserted into the bovR gene and the 3Ј end of bovR in the DR and DS strains, respectively. Western blot analysis showed that BovK was not detected in strain DK and BovR was not detected in strain DR, while the bands corresponding to BovR and BovK were visualized in strains DK and DR, respectively (Fig. 2E) . The activities of bacteriocins produced by DK and DR were measured by agar well diffusion assays with M. flavus NCIB8166 as an indicator strain. The culture supernatant of DK and DR showed no antimicrobial activity against M. flavus NCIB8166 compared to that of the wild type and strain DS (Fig. 2F) . These results established that bovK and bovR were involved in bovicin HJ50 biosynthesis.
Expression of bovicin HJ50 is autoregulated. In order to test whether purified bovicin HJ50 could induce its own synthesis, a bovM (encoding a modification enzyme involved in the posttranslational modification of bovicin HJ50) mutant strain (DM) was produced by chromosome integration with a thermosensitive plasmid, pSET5s, into the coding region. The agar well diffusion assay showed that the culture supernatant of DM exhibited no antimicrobial activity against M. flavus NCIB8166 (Fig. 2E) , and no bovA (a structural gene encoding bovicin HJ50) mRNA transcript was detected in strain DM compared to wild-type S. bovis using RT-PCR analysis (Fig. 3A) . The DM strain showed a dose-dependent increase in bovA mRNA levels as the concentration of bovicin HJ50 increased to 1.6 g/ml (Fig. 3B) . The same result was obtained with quantitative realtime RT-PCR analysis (Fig. 3C) . These results indicate that bovicin HJ50 acts as an autoinducer of its own biosynthesis.
Meanwhile, both the DK and DR strains abolished bovA (Fig.  4) , indicating that the disruption of either bovK or bovR affects the signal transduction autoinduced by bovicin HJ50 and that bovK-bovR play essential roles in bovA promoter activity. Autophosphorylation of cBovK and phosphotransfer between cBovK and BovR. According to the basic mechanism in which the transduction of inducer signal in the two-component regulation system occurs through a phosphorylation cascade, phosphorylation of purified His-tagged cBovK protein was assessed in the presence of [␥-32 P]ATP using a standard kinase assay. As shown in Fig. 5A , cBovK was autophosphorylated in the presence of Mn 2ϩ ions. Thus, cBovK possesses kinase activity for autophosphorylation. When purified BovR was added to the cBovK phosphorylation mixture, phosphotransfer to BovR was observed. In order to determine whether BovR received the phosphoryl group directly from the radiolabeled cBovK or whether it was phosphorylated by an excess of free [␥-32 P]ATP as a result of autokinase activity, phosphorylation reactions were carried out following incubation of BovR with [␥-32 P]ATP, and no corresponding band was detected (Fig.  5A) . These results show that cBovK is sufficient for autophosphorylation and has the ability to subsequently transfer the phosphoryl group to the downstream BovR protein to carry out the signal transduction.
BovR binds to the bovA promoter and regulates bovA expression. To define the basis of autoregulation, the binding of BovR to the bovA promoter was examined by EMSA, since BovR was predicted to contain an HTH DNA binding domain. As shown in Fig. 5B , the mobility of a DNA fragment of 210 bp containing a putative bovA promoter region was retarded by BovR, and increasing BovR resulted in a progressive increase in the shifted bands. To verify BovR binding specificity, BovR incubated with 100-fold molar excess of unlabeled fragment resulted in the complete loss of DNA binding activity, showing that the binding of BovR to the bovA promoter region is sequence specific, although in our experiment, the BovR protein was unphosphorylated.
The same result was found using gfp as a reporter gene under the control of the P bovA promoter. The plasmid pGFPKR, containing the bovA promoter region fused to the reporter gene gfp and the nisA promoter fused to the bovK-bovR genes in the opposite orientation to that in plasmid pMG36e (Fig.  6B) , was transformed into L. lactis NZ9000, producing strain NZ-GFPKR. The nisA promoter can be induced by nisin and can promote the expression of the downstream bovK and bovR genes. In the presence of bovicin HJ50, the BovK protein is thought to be autophosphorylated and to activate the BovR protein, after which the bovA promoter may be activated by the phosphorylated BovR to promote the expression of gfp. After induction with nisin and bovicin HJ50, fluorescence was detected in strain NZ-GFPKR (Fig. 6D) , while strain NZ-GFP containing the plasmid pGFP and lacking the bovK and bovR genes showed no fluorescence. These results demonstrated that the BovR protein could bind to the bovA promoter and regulate bovA gene expression. It was interesting that fluorescence was also detected in the NZ-GFPR strain containing the plasmid pGFPR, in which there was only a bovR gene under the control of the nisA promoter ( Fig. 6A and C) . These results showed that biosynthesis of bovicin HJ50 was regulated by BovR by activating the bovA promoter in S. bovis HJ50, although there might be no necessity for the BovK histidine kinase under conditions of strongly induced BovR.
DISCUSSION
The LanK-LanR two-component regulatory system is found in many lantibiotic biosynthesis gene clusters. LanK protein structures predicted by the SMART database (19) showed that, except for SalK, encoded by the biosynthetic gene cluster of salivaricin A, the LanK proteins all belong to the periplasmic sensing histidine kinase family, in which the N-terminal input domain consists of two transmembrane helices that encompass an extracellularly exposed region, which is thought to interact with the corresponding signal molecule (25) . However, the architecture of BovK is quite different, as there are eight transmembrane helices in its N terminus (Fig. 1A) , and it is predicted to be a TMR-associated ComP-like histidine kinase but lacks any extensive surface-exposed loop domains (25) . SalK, which contains 10 transmembrane helices in the N terminus, also belongs to a ComP-like histidine kinase (25) , but the detailed mechanism of signal transduction through this protein is unknown. BovR, as well as SalR, belongs to a NarLlike response regulator family whose members are particularly well adapted for acting as transcription factors to regulate gene expression by binding DNA to control a wide variety of biological activities (6, 36) , while other LanR proteins are predicted to be OmpR-like response regulators (9, 19) . Although there are several reports describing the OmpR-like LanR protein (16), nothing was known about the function of NarL-like response regulators involved in lantibiotic regulation until now. In this study, we clarified the function of a unique twocomponent regulatory system, BovK-BovR, through which bovicin HJ50 is autoregulated. This study will extend our understanding of lantibiotic biosynthesis regulation.
For nisin and subtilin, disruption of their two-component systems leads to complete abrogation of lantibiotic biosynthesis (7, 17) . In order to define the role of BovK-BovR in bovicin HJ50 production, BovK-and BovR-deficient mutants were generated and the impact of bovK or bovR was assessed. The results of agar well diffusion assays clearly showed that the disruption of bovK or bovR leads to elimination of bovicin HJ50 production. The fact that a double-crossover replacement of bovK produced no bovicin HJ50 while the DS strain did indicates that the elimination of bovicin HJ50 is not due to the polar effects on the expression of flanking genes. These results demonstrate that BovK-BovR plays an essential role in bovicin HJ50 production. It has been shown that nisin and subtilin can be recognized by the corresponding sensor kinases NisK and SpaK, respectively. Therefore, we propose that bovicin HJ50 is also sensed by the putative sensor kinase BovK, which leads to activation of the response regulator BovR and induction of transcription from the bovA promoter.
Many lantibiotics act as the sensing molecules that trigger the transcription of their own prepeptides in autoregulatory mechanisms through TCSTs (18, 33, 37, 40, 42) . The existence of the bovK-bovR two-component system in the bovicin HJ50 biosynthesis gene cluster suggests that the biosynthesis of bovicin HJ50 may be subjected to autoregulation. Inactivation of the bovM gene resulted not only in the expected loss of bovicin HJ50 production, but also in a complete abolition of transcription of bovA. However, the BovK and BovR proteins were detected in strain DM (Fig. 2E) , indicating that the expression of the bovK and bovR genes is independent of bovicin HJ50 production. Transcription of bovA could be restored by the addition of subinhibitory amounts of bovicin HJ50 to the culture medium, and the level of transcription appeared to be directly correlated with the concentration of extracellular bovicin HJ50. These results indicated that, in addition to its antimicrobial activity, bovicin HJ50 also acts as an extracellular peptide pheromone signal involved in regulation of its own biosynthesis. The requirement for the bovK-bovR two-component system in the regulation cascade initiated by bovicin HJ50 was also analyzed by using several mutant strains. In strains DM and DS, the transcription of bovA was found only with induction of bovicin HJ50. In strains DK and DR, however, no transcription of bovA was found in either the absence or presence of bovicin HJ50. This is consistent with the proposed role of BovK as a cognate sensor for bovicin HJ50. We also applied nisin as a inducer, and no bovA transcript was detected (data not shown), suggesting the specificity of interaction between bovicin HJ50 and BovK. Since we have just clarified the topological structure of bovicin HJ50 (21), the structure and amino acid(s) required for its inducer activity need to be analyzed further.
It is worth mentioning that, despite the fact that the predicted bovK-bovR gene products share significant homology with SalK-SalR, which are involved in the regulation of salivaricin A biosynthesis, their regulation mechanisms show some differences. Although a salK mutant was not obtained, the salR mutant showed reduced salA mRNA transcript levels and salivaricin A production. Gene disruption of the response regulator salR led to reduction, but not abrogation, of salivaricin A production, while disruption of bovR resulted in a complete loss of production of bovicin HJ50, which might suggest tighter regulation control for bovicin HJ50 (40) . Presently, within the lacticin 481 group, three types of regulatory systems were identified (a transcription activator involved in other cellular functions, an orphan response regulator, and TCSTs), but the regulatory pathways generally remain incompletely understood (8) . The results of the studies on regulation of bovicin HJ50 might be helpful for understanding the regulation of other lantibiotics.
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and subsequent phosphotransfer to BovR, consistent with the autophosphorylation and subsequent phosphotransfer abilities of several truncated histidine kinase proteins expressing only the cytoplasmic region (13, 14) . The sites for phosphorylation of both BovK and BovR were analyzed by comparing their amino acid sequences with those of other family members. Based on sequence alignment (data not shown), His-312 of BovK and Asp-53 of BovR are predicted to be the primary sites of phosphorylation; however, this has not yet been confirmed by experiments. The response regulators of the LanK-LanR system often regulate the expression of the corresponding structural genes in the biosynthesis gene clusters via direct binding to DNA in the promoter regions (18, 37) . Here, the binding of the response regulator BovR to the bovA promoter region was demonstrated by gel retardation analysis and GFP reporter gene expression in heterologous L. lactis (Fig. 5B and 6 ). Furthermore, BovR binding to the bovA promoter in the presence or absence of BovK indicated that phosphorylation is not required for bovA transcription, at least under the conditions examined. GFP reporter gene expression in the presence or absence of BovK may be caused by overproduction of the response regulator, which could result in the constitutive expression of target genes, as described for spaR and epiQ (30, 37) . Alternatively, there may be another protein(s) in L. lactis that is involved in transferring the phosphoryl group to BovR. However, the exact DNA binding sites of BovR to the bovA promoter will be further defined using DNA footprinting and protein structural analysis.
In summary, through studies on the wild type and several gene mutant strains of S. bovis HJ50, direct evidence for the autoregulation of bovicin HJ50 production through a two-component system, BovK-BovR, has been presented in this study. Furthermore, the results of EMSA for the DNA binding of BovR and GFP expression under the bovA promoter in L. lactis imply that the biosynthesis of bovicin HJ50 is regulated by BovK-BovR by activating the bovA promoter in S. bovis HJ50.
